Aim: To examine the effects of all-trans retinoic acid (atRA) on renal morphology and function as well as on renal plasminogen activator inhibitor-1 (PAI-1) expression and plasmin activity in rats with 5/6 nephrectomy. Methods: Adult male Sprague Dawley rats were given 5/6 nephrectomy or sham operation. Renal function was measured 2 weeks later. The nephrectomized rats were assigned to groups matched for proteinuria and treated with vehicle or atRA (5 or 10 mg/kg by gastric gavage once daily) for the next 12 weeks. Rats with sham operation were treated with vehicle. At the end of the treatments, kidneys were collected for histological examination, Western blot analysis, and enzymatic activity measurements. Results: The 5/6 nephrectomy promoted hypertension, renal dysfunction, and glomerulosclerosis. These changes were significantly reduced in the atRA-treated group. The expressions of PAI-1 and α-smooth muscle actin (α-SMA) were significantly increased in the vehicle-treated nephrectomized rats. Treatment with atRA significantly reduced the expressions of PAI-1 and α-SMA. However, plasmin activity remained unchanged following atRA treatment. Conclusion: Treatment with atRA ameliorates glomerulosclerosis and improves renal function in rats with 5/6 nephrectomy. This is associated with a decrease in PAI-1 and α-SMA, but not with a change in plasmin activity.
Introduction
Glomerulosclerosis is a common phenomenon associated with renal failure that occurs regardless of the primary cause of damage [1] . It is characterized by the excessive accumulation of extracellular matrix (ECM) in the glomeruli. When ECM synthesis exceeds its degradation, ECM accumulation occurs [2] . In various types of glomerular injuries, mesangial cells are activated into ECM-producing myofibroblasts that undergo proliferation. These cells are phenotypically defined by their expression of α-smooth muscle actin (α-SMA) [3] [4] [5] [6] . Recently, plasminogen activator inhibitor-1 (PAI-1) has been widely recognized as a key contributor in fibrosis. Under physiological conditions, PAI-1 expression is low in the kidney but is upregulated in response to renal injury [7] . Transgenic mice overexpressing PAI-1 develop severe fibrosis in several experimental fibrosis models [8] [9] [10] . In contrast, PAI-1 deficiency or inhibition results in decreased fibrosis [8, [10] [11] [12] [13] [14] [15] [16] . These studies demonstrate a role for PAI-1 in fibrogenesis. PAI-1 is a major physiological inhibitor of tissue-type plasminogen activator (t-PA) and urokinase-type plasminogen activator (u-PA), both of which convert plasminogen to plasmin. Plasmin can activate latent matrix metalloproteinases (MMPs). Plasmin and MMPs play key roles in the regulation of ECM degradation [17] [18] [19] . PAI-1's profibrotic effect is presumed to be exerted by inhibiting plasmin generation. This explanation, however, has been disputed in some reports [11, 12, 14, 16] . The retinoids are derivatives of vitamin A (retinol) and include all-trans retinoic acid (atRA), 9-cis RA, and 13-cis RA. RAs exert strong anti-proliferative and anti-inflammatory effects. They act via the retinoic acid receptor (RAR) and retinoid X receptor (RXR), which serve as transcription factors to regulate target gene expression. Retinoids have been reported to be renoprotective in some models of renal fibrosis [20] [21] [22] [23] [24] [25] [26] [27] [28] . We have previously shown that exogenous atRA decreases cardiac fibrosis in spontaneously hypertensive rats (SHR) [29] and inhibits the increases in PAI-1 and the ECM protein fibronectin, which are induced by the key fibrogenic cytokines transAmelioration of glomerulosclerosis with all-trans retinoic acid is linked to decreased plasminogen activator inhibitor-1 and α-smooth muscle actin www.chinaphar.com Liu X et al Acta Pharmacologica Sinica npg forming growth factor-β1 (TGF-β1) and angiotensin II (Ang II) in cultured rat mesangial cells [30] . However, the mechanisms mediating the antifibrotic actions of retinoids remain to be further clarified. In the current study, we examined the effects of chronic atRA treatment on renal function and morphology in a rat model of 5/6 nephrectomy. The renal expressions of PAI-1 and α-SMA were examined. The activities of plasmin and MMP-2 were also measured.
Materials and methods

Experimental design and animals
Adult male Sprague Dawley rats that weighed 250−330 g and were obtained from the Department of Experimental Animals, Chinese Academy of Sciences (Shanghai, China) were used in this study. The rats were housed in plastic cages in a room with a controlled humidity of 40% and a temperature of 22 °C. Their exposure to light was controlled on a 12:12-h lightdark cycle. These rats had free access to water and a regular standard diet (0.6% salt). All experiments were performed in accordance with the national animal protection law. After the measurement of baseline blood pressure and renal function, all rats underwent 5/6 nephrectomy (5/6Nx) or sham operation. 5/6Nx was performed after ventral laparotomy under anesthesia with chloral hydrate (300 mg/kg, ip), by removal of the right kidney and ligation of 2 branches of the left renal artery, producing a total of 5/6 renal ablation. Rats that received sham operation underwent anesthesia, ventral laparotomy, and manipulation of the renal pedicles without removal of renal mass. Renal function was measured 2 weeks later, and nephrectomized rats were divided into three groups matched for proteinuria: 5/6Nx+vehicle (5/6Nx treated with soybean oil as placebo, 1 mL/kg, n=12), 5/6Nx+atRA1 (5/6Nx treated with 5 mg atRA/kg suspended in soybean oil at a concentration of 5 g/L, n=10), and 5/6Nx+atRA2 (5/6Nx treated with 10 mg atRA/kg suspended in soybean oil at a concentration of 10 g/L, n=12). Sham+vehicle (sham-operated rats treated with soybean oil, 1 mL/kg, n=7) served as a normal control. The dosages of atRA were chosen according to previous experiments from our laboratory that demonstrated an effective reduction of cardiac fibrosis in SHR with little toxic effects [29] . Fresh suspensions of atRA were prepared under reduced lighting conditions each day to limit its spontaneous isomerization to 9-cis RA and 13-cis RA. Oral treatment was performed by gavage once a day for the next 12 weeks. The rats were weighed once a week to adjust the amount of orally administered atRA.
Blood pressure recordings
Prior to operation, blood pressure (BP) was measured by the tail-cuff method in rats. At the end of the study period, the rats were anesthetized with chloral hydrate. A polypropylene tube (Portex, London, UK) was inserted into the left carotid artery and exteriorized behind the neck. The catheters were filled with a heparinized (10 U/mL) saline solution and plugged with a stainless steel pin. After catheterization, the rats were housed individually and had free access to water and rat chow. On the following day, the arterial catheters were attached to a pressure transducer. BP was measured 2-3 h after gavage. After an equilibrium period of 30 min, systolic BP (SBP), diastolic BP (DBP), mean arterial pressure (MAP), and heart rate (HR) were recorded in the conscious, freely moving animals for 30 min. After the hemodynamic parameters were recorded, terminal blood samples were collected for blood chemical analysis.
Assessment of renal function
Renal function was determined every 2 weeks. Rats were housed individually in metabolic cages to collect urine over 24 h. During this time, they were supplied with food and water ad libitum. Urine was stored at -20 °C until measurement. Tail vein blood samples were collected. Urine albumin and urine and serum creatinine concentrations were measured on an autoanalyzer, and the creatinine clearance was calculated accordingly.
Tissue preparation
After hemodynamic measurements at the end of the study period, rats were anesthetized and kidneys were removed immediately. After being washed in cold 0.9% saline, each kidney was blotted dry and cut into two parts. One part was fixed in 10% neutral buffered formalin, and the other part of the renal cortex was rapidly frozen in liquid nitrogen and stored at -80 °C until required for Western blotting and enzymatic activity analysis.
Light microscopy studies
Fixed kidney tissues were embedded in paraffin and cut into 4 µm-thick sections. Sections were stained with periodic acidSchiff (PAS) reagent and counterstained with hematoxylin. PAS staining is used as a marker for the glomerular basement membrane. Sections were examined by two investigators without previous knowledge of the experimental group of the animal from which the tissue was taken. The semiquantitative glomerulosclerosis index was used to evaluate the degree of glomerular deposition of PAS-positive ECM according to the method of Raij L et al [31] . The severity of the lesions for each kidney was examined in the 100 glomeruli selected at random, graded from 0-4 points according to the percentage of morphological changes in each glomerulus (0=0%, 1+=1%−25%, 2+=26%−50%, 3+=51%−75%, 4+=76%−100%). The number of glomeruli with lesions of grades 0, 1+, 2+, 3+, and 4+ was n 0 , n 1 , n 2 , n 3, and n 4 , respectively. The glomerular sclerosis index was obtained from the following formula: (0×n 0 +1× n 1 +2×n 2 +3×n 3 +4×n 4 )/100.
Western blot analysis
Renal cortical tissue samples were homogenized in lysis buffer containing 20 mmol/L Tris (pH 7.5), 150 mmol/L NaCl, 1% Triton X-100, and a 1:50 dilution of a protease inhibitor cocktail (Roche Applied Science, Penzberg, Germany) on ice followed by centrifugation (12 000× g, 10 min, 4 °C). The supernatant was collected and the protein concentration was measured. Thirty µg of total protein from samples were loaded and separated under reducing conditions with 10% SDS-PAGE and transferred onto PVDF membranes. Membranes were blocked in 5% milk in Tris-buffered saline with 0.1% Tween 20 (TBST) and incubated with the primary antibody against PAI-1 (BD Biosciences/Pharmingen, San Diego, CA, USA), α-SMA (Sigma-Aldrich, Saint Louis, MO, USA) or β-actin (Santa Cruz Biotechnology, CA, USA) followed by incubation with the corresponding peroxidase-conjugated secondary antibody. Peroxidase activity was detected using an enhanced chemiluminescence detection system.
Assay of plasmin activity
The plasmin activity in total renal cortical tissue homogenates was measured using the plasmin-specific chromogenic substrate Chromozym PL (Roche Diagnostics, Indianapolis, IN, USA), as described by Krag S et al [14] . This substance is specifically cleaved by plasmin into a residual peptide and 4-nitraniline, which can be detected spectrophotometrically at 405 nm. A standard linear curve was generated with serial dilutions of human plasmin (Roche Applied Science, Penzberg, Germany). Plasmin activity was determined from the standard curve. Results were expressed as µU/mg total protein.
Assay of MMP-2 activity
The renal cortex was homogenized, quantitated, and analyzed for MMP-2 activity by a commercial assay kit (Amersham Biosciences, Buckinghamshire, UK). As described in the protocol supplied, any active MMP-2 present in the sample is captured by the anti-MMP-2 antibody, and bound MMP-2 is detected using a specific chromogenic peptide substrate. Standard MMP-2 (0-16 ng/mL) and experimental samples were placed in 96-well plates for the detection of endogenous and active MMP-2. Plates were read at 405 nm at time zero and after 6 h. Active MMP-2 activity was determined from the standard curve. Results were expressed as pg/mg total protein.
Blood chemical analysis
To test for potential side effects of atRA, such as liver and kidney damage, serum parameters were measured using an autoanalyzer methodology.
Statistical analysis
Data were expressed as the mean±SEM. Statistical analysis was performed using SigmaStat 2.0 software. The differences in mean values between groups were analyzed with a oneway ANOVA followed by a Student-Newman-Keuls test or by a Kruskal-Wallis nonparametric ANOVA followed by a Dunn multiple comparison test, as appropriate. Correlation coefficient was tested for statistical significance using the Spearman's rank test and Pearson's rank coefficients. A P value of <0.05 was considered statistically significant.
Results
Effects of atRA treatment on blood pressure and renal function Before the operation, BP measured by the tail-cuff method was similar in all of the groups used in the current study ( Table  1) . At week 14 after the operation, the systolic, diastolic, and mean BPs directly detected in cannulated, conscious rats were markedly elevated in the 5/6Nx+vehicle group compared with Sham+vehicle rats (P<0.05). Treatment with either dose of atRA decreased systolic BP in 5/6 nephrectomized rats (P<0.05 vs 5/6Nx+vehicle). At the end of the experiment, the average heart rates were similar for each group. Twenty fourhour urinary protein excretion was progressively increased in the 5/6Nx+vehicle group (P<0.05 vs Sham+vehicle) ( Figure  1A ). Proteinuria was markedly decreased as early as week 2 after atRA administration, and this antiproteinuric effect of atRA was so effective that urinary albumin was almost normalized to control levels (P<0.05 vs 5/6Nx+vehicle). In the 5/6Nx+vehicle group, the serum creatinine concentration remained elevated throughout the entire experimental period (P<0.05 vs Sham+vehicle) ( Figure 1B) . Treatment with either dose of atRA decreased the elevated serum creatinine levels in 5/6 nephrectomized rats (P<0.05 vs 5/6Nx+vehicle). Following 5/6Nx, rats developed renal failure with a marked decrease in glomerular filtration rate, as estimated by creatinine clearance (P<0.05 vs Sham+vehicle) ( Figure 1C ). The creatinine clearance in 5/6 nephrectomized rats was slightly increased by atRA. However, this increase only reached statistical significance at the time point of week 6 after atRA administration. Effect of atRA treatment on glomerulosclerosis Figure 2A shows representative PAS stains of glomeruli from sham-operated ( Figure 2Aa ) and 5/6 nephrectomized rats that were treated with vehicle alone (Figure 2Ab ), or with low- (Figure 2Ac ) or high-dose atRA (Figure 2Ad ). The glomerular sclerosis index was markedly higher in the 5/6Nx+vehicle group compared to the Sham+vehicle group (P<0.05) ( Figure  2B ). Treatment with the two doses of atRA lowered the glomerulosclerosis index in 5/6 nephrectomized rats (P<0.05 vs 5/6Nx+vehicle).
Effect of atRA treatment on protein expressions of PAI-1 and α-SMA Figure 3A shows the protein expression levels of PAI-1 and α-SMA in renal cortex extract from Western blot analyses. PAI-1 expression was increased approximately 16-fold in the 5/6Nx+vehicle group compared with the Sham+vehicle group (P<0.05) ( Figure 3B ). PAI-1 expression induced by 5/6Nx was markedly downregulated by atRA treatment in a concentration-dependent fashion (P<0.05 vs 5/6Nx+vehicle). α-SMA expression was increased more than 4-fold in 5/6Nx+vehicle rats compared with Sham+vehicle rats (P<0.05) ( Figure  3C ). Treatment with atRA markedly suppressed the elevation of α-SMA expression in 5/6 nephrectomized rats in a dose-dependent manner (P<0.05 vs 5/6Nx+vehicle). The expression of α-SMA correlated well with that of PAI-1 (r= 0.759, P<0.0001) ( Figure 3D ).
Effect of atRA on the activities of plasmin and MMP-2 Figure 4 shows the activities of plasmin and MMP-2 in kidney cortical homogenates. Somewhat surprisingly, plasmin activity remained unchanged in 5/6 nephrectomized rats ( Figure  4A ). Moreover, plasmin activity was not altered by either dose of atRA, although PAI-1 expression was downregulated. Also unexpectedly, MMP-2 activity was increased in the Figure 4B ). The low dose of atRA moderately decreased the elevation of MMP-2 activity in 5/6 nephrectomized rats, but did not reach statistical significance. The high dose of atRA had no effect on MMP-2 activity.
Effect of atRA on body weight and serum parameters Table 2 shows that there was no statistical difference in the initial or final body weights of the four groups. There was also no statistical difference in serum parameters such as alanine aminotransferase (ALT), glucose (GLU), triglyceride (TG), and cholesterol (CHO) levels, although at the higher dose of atRA, a slight increase in serum TG level was observed. It is therefore unlikely that either of the two doses of atRA caused any obvious side effects.
Discussion
The major finding of this study is that the amelioration of glomerulosclerosis with atRA is associated with a decrease in PAI-1 and α-SMA, but is not associated with changes in the activities of plasmin and MMP-2. This study expands our understanding of the mechanisms of atRA-mediated renoprotection and provides further evidence that both a pathogenic role for PAI-1 induction and a protective role for PAI-1 inhibition in renal fibrosis might be independent of the effects on the regulation of plasmin and MMP-2 activity. It has been reported that renin-dependent and reninindependent mechanisms are responsible for hypertension in rats with 5/6Nx [32, 33] . In the present study, hypertension in 5/6 nephrectomized rats was decreased by treatment with two doses of atRA. This decrease is, at the very least, attributed to the known inhibitory effects of retinoids on the activity of the 
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Acta Pharmacologica Sinica npg renin-angiotensin system, particularly on the expression of the Ang II type 1 receptor [26, 27] . However, previous work from our laboratory has shown that identical doses of atRA tended to lower blood pressure in SHR but failed to reach statistical significance [29] . Some possible explanations for this may be the different model and the different starting time of atRA administration. Because hypertension is a risk factor for the progression of renal diseases [34] , a decrease in hypertension underlies the renoprotective effects of atRA.
Twenty four-hour urinary protein excretion was measured every 2 weeks to serve as a surrogate marker for glomerular damage. The time course of proteinuria showed that proteinuria in 5/6 nephrectomized rats was so effectively decreased with atRA treatment that it was almost normalized. This antiproteinuric effect occurred as early as week 2 after treatment. Treatment with atRA has also been reported to decrease proteinuria in other models of kidney disease [23] [24] [25] . It is well known that defects in the glomerular filtration barrier lead to proteinuria [35] , and that podocytes play a pivotal role in glomerular barrier function [36, 37] . The upregulation of nephrin and podocin in podocytes by atRA, in vivo and in vitro, was proposed as a possible mechanism for its antiproteinuric effect [23, 24] . Because proteinuria is also a risk factor for the progression of renal diseases [38] , a decrease in proteinuria at least partly mediates the renoprotective effects of atRA.
The glomerular filtration rate, as reflected by creatinine clearance, was markedly decreased by 5/6Nx. This decrease is mainly due to a reduction in functional nephron number. Additionally, with the development of glomerular injury, mesangial cell proliferation and mesangial matrix deposition lead to narrowness or obliteration of glomerular capillary loops [39] , which eventually results in the loss of originally functional nephrons and a further decrease in glomerular filtration rate. A slightly increased creatinine clearance was observed in atRA-treated 5/6 nephrectomized rats over the period observed. Although this increase appeared to be insignificant, it occurred despite severe nephron loss. Obviously, the increased creatinine clearance in atRA-treated nephrectomized rats is due to less glomerulosclerosis and less destruction of renal structure. Accordingly, the increase in creatinine clearance leads to a decrease in serum creatinine level in the atRAtreated nephrectomized group.
Treatment with atRA decreased glomerulosclerosis in 5/6 nephrectomized rats, as evidenced by the decreased glomerular deposition of PAS positive ECM. It is well known that the cell type responsible for most ECM synthesis is the myofibroblast, distinguished by the acquisition of a α-SMA phenotype. In normal kidney, α-SMA is expressed exclusively in the intrarenal arteries; however, in a number of glomerulonephritis models, mesangial cells are activated into α-SMA positive myofibroblasts and proliferate, producing excessive ECM in glomeruli [3] [4] [5] [6] . In the present study, Western blot analysis showed that α-SMA expression was increased in the renal cortex of nephrectomized rats and that it was decreased with atRA treatment. Since atRA is a well-known powerful anti-proliferative drug that can inhibit the proliferation of many cell types, including mesangial cells [40] [41] [42] [43] [44] , we speculate that atRA can inhibit the proliferation of glomerular α-SMA positive myofibroblasts, thus limiting ECM production. Additionally, atRA may inhibit α-SMA expression per cell. Wen X et al [45] showed that 9-cis RA, an isomer of atRA, inhibited the TGF-β1-induced α-SMA expression in cultured mesangial cells without influencing cell number.
Recently, attention has focused on the role of PAI-1 in the pathogenesis of fibrosis based on its increased expression in a variety of fibrotic diseases and on the beneficial effects of its inhibition or depletion in some fibrosis models [9] [10] [11] [12] [13] [14] [15] ; however, the mechanism of its action remains controversial. In vitro studies document that ECM degradation by cultured mesangial cells is inhibited by plasmin inhibitors and increased by the addition of a PAI-1 monoclonal antibody [19] . In experimental anti-thy-1 nephritis, glomerulosclerosis is developed and accompanied by a decrease in plasmin activity in isolated glomeruli; these changes can be reversed by a mutant noninhibitory PAI-1 that competes with endogenous PAI-1 or by recombinant t-PA [15, 46] . It seems likely that PAI-1 exerts profibrotic effect through inhibiting plasmin generation. However, this explanation is not supported by our study. In the present study, Western blot analysis of renal cortex homogenates showed a greater than 16-fold increase in PAI-1 expression in disease controls compared with sham-operated rats. We expected the activities of plasmin and MMP-2 to decrease. However, plasmin activity was unchanged and MMP-2 activity was increased. Moreover, PAI-1 expression was sup- npg pressed by atRA administration. We expected the activities of plasmin and MMP-2 to increase. However, we observed that they were unchanged. This is conceivable based on the fact that PAI-1 is just one of regulators of plasmin activity. For example, α 2 -antiplasmin is also an inhibitor of plasmin. Indeed, α 2 -antiplasmin, the most abundant form in normal kidneys, was suppressed following ureteral obstruction [11] . Consistent with our results, some reports have shown that the increase in PAI-1 and fibrosis is not always accompanied by a decrease in plasmin and MMP-2 activities [11, 12, 14, 16] . Further, PAI-1 deficiency and decreased fibrosis are not always accompanied by an augmentation of plasmin and MMP-2 activities. These data and our results suggest that PAI-1, at least, has a plasmin/MMP-2-independent fibrogenic function. However, the mechanism by which it controls fibrosis remains largely unknown [7] . Oda T et al reported that PAI-1 promoted macrophage chemotaxis in vitro [11] . Our results showed an excellent correlation between α-SMA and PAI-1 expression, but the causal relation between them is not known.
It must be emphasized that PA, plasmin, and MMP are not always protective and have both beneficial and injurious effects on fibrogenesis, depending on the model of fibrosis. Injections with t-PA restored declined glomerular plasmin activity and ameliorated fibrosis in experimental glomerulonephritis [46] . The deficiency of either plasminogen or t-PA in mice increased the severity of crescentic glomerulonephritis [47] , but decreased the degree of renal interstitial fibrosis after unilateral ureteral obstruction [48, 49] . Active MMP-2 has been reported to directly lead to a transition of cultured mesangial cells from the quiescent phenotype to the activated phenotype, characterized by an augmentation in the proliferation and synthesis of ECM proteins [50] . Active MMP-2 or plasmin can promote the transdifferentiation of murine tubular epithelial cells to myofibroblasts [51, 52] . Plasmin has also been shown to play a role in leukocyte recruitment [53] . These data suggest that PA, plasmin, and MMP-2 have other actions in addition to degrading the ECM. Together, all these actions determine whether the net effect is profibrotic or antifibrogenic.
Ang II and TGF-β1 have been established as crucial contributors to ECM expansion and fibrosis in a number of renal diseases [54] [55] [56] . PAI-1 is strongly induced by these two cytokines. PAI-1 reduction by atRA treatment in the present study is likely to be associated with the retinoids' inhibitory effects on the activities of Ang II/Ang II type 1 receptor and TGF-β1/TGF-β receptor [26] [27] [28] . We have recently shown that atRA directly inhibits PAI-1 production induced by TGF-β1 and Ang II in cultured mesangial cells in vitro [30] . The reduction in PAI-1 and α-SMA by atRA was dose dependent, suggesting that atRA may have direct inhibitory effects on PAI-1 and α-SMA expressions. In contrast, the beneficial effects of atRA on renal function, including decreasing proteinuria and serum creatinine concentration, were inversely dose dependent. This finding may reflect a toxic effect of the higher dose of atRA, as indicated by a slight increase in serum triglyceride levels in rats that received the high dose of atRA (10 mg/kg). Morath C et al showed that higher doses of retinoids may evoke some side effects [27] . The reduction in the glomerular deposition of ECM by atRA showed no dose-dependent difference. This phenomenon can be explained because high doses of atRA had a tendency to reduce the specific beneficial effects of atRA administration due to its concomitant unspecific toxicity.
Taken altogether, our findings suggest that the beneficial effects of atRA on glomerular damage in a rat model of 5/6 nephrectomy are, in part, due to the reduction of PAI-1 and α-SMA expressions, independent of plasmin activity. Treatment with atRA could be a promising intervention for kidney disease. Further studies are required to determine the atRA dose that is the most effective without causing harm. 
